Abstract-In this letter, we extend the 3-D HIE-FDTD method to the simulation of hybrid electromagnetic system including the linear/nonlinear lumped elements and the conductive media. First, numerical formulation of the HIE-FDTD method for the conductive media and the lumped elements are presented. Furthermore, we simulated the crosstalk effect among the coupled multi-conductor lines, and then the accuracy and effectiveness are validated by the comparison of our method with the conventional FDTD method and the ADI-FDTD method.
I. INTRODUCTION
T HE finite-difference time-domain (FDTD) method is a very useful technique to solve a variety of electromagnetic problems [1] . However, the conventional FDTD method has the serious problem of restriction in terms of the time-step size. In other words, the Courant-Friedrich-Lewy (CFL) condition must be satisfied whenever this method is used, and the maximum time-step size depends on the minimum cell size in a computational domain. In order to cope with the restraint of the CFL condition, unconditionally stable alternating-direction implicit (ADI)-FDTD method has been proposed and developed [2] . Although the ADI-FDTD method is unconditionally stable and free from CFL condition, it has been reported that the ADI-FDTD method has large truncation error [3] .
On the other hand, the hybrid implicit-explicit (HIE)-FDTD method which is weakly conditionally stable has been proposed and developed [4] . Additionally, stability and numerical dispersion analysis of the HIE-FDTD method have been also described [5] . The HIE-FDTD method has the advantage for the simulation of computational domain with thin unit cell such as PCB analyses compared to the conventional FDTD method. In [6] , the principle of the HIE-FDTD formulation for the hybrid system with lumped elements has been presented roughly.
In this research, the formulations of various components are described strictly. In addition, we show the numerical stability and the accuracy for the example, including the linear/nonlinear elements and the conductive media in the both of time and frequency domains by comparing our method with the ADI-FDTD method. 
A. HIE-FDTD Method for the Conductive Media
Here, it is assumed that the narrow side is along the -direction. In such a case, since the explicit equations are same as the Yee's FDTD method [1] , only the implicit equations of the HIE-FDTD method are described. For example, the implicit equations for the and are given by
where In addition, , and denote the permittivity, conductivity, and permeability and , and are the coordinates in 3-D space. Updating of component, as shown in (1), needs the unknown component at the same time step , and thus, the component has to be updated implicitly. Substituting (2) into (1), the equation for field is given by 1531-1309/$26.00 © 2011 IEEE (3) where Similarly, the updating equations of and can be obtained in the same manner. From (3), we note and are updated implicitly by solving the tridiagonal matrix equations.
B. Modeling of , and Elements
Since the update equation of the HIE-FDTD method is same as the one of the FDTD method as shown in [7] when the lumped element is inserted along the -direction, it is assumed that the passive element is collocated along the -direction. Then, (1) is replaced as follows: (4) where the current flowing through the resistor is
In addition, since every suffix of for the location is , it is abbreviated. Therefore, the coefficients and in (1) and (3) are respectively replaced as follows:
, which is defined as the current through the capacitor, is given by (6) where is the capacitance. Therefore, the coefficients and in (1) and (3) are revised respectively as follows:
Finally, , which is defined as the current through the inductor, is derived by (7) where is the inductance. Therefore, the coefficients and in (1) and (3) are modified respectively as follows: In addition, the term of in (7) must be added to the right-hand side (RHS) of (3). The RHS is replaced by where is same as the RHS of (3). Similarly, the updating equation for is also derived in the same manner.
C. Modeling of Discrete Source
When a discrete source such as voltage source with internal series resistance is included in the -direction in the cell, , which is defined as the current through the voltage source, is derived as (8)
Then substituting (8) into the iteration equation of HIE-FDTD method, the coefficients such as and and the RHS of (3) are represented, respectively, by
In the case of modeling the ideal voltage source, the series resistor is set to zero. When it is impossible to divide the coefficient by like the last term in (9), is approximated by a very small value.
D. Modeling of Nonlinear Device
The current flowing through the diode is derived as (10) where is Boltzmann's constant, is the charge of an electron, is temperature in Kelvin, and is saturation current. Therefore, the coefficients and in (1) and (3) and the RHS of (3) can be given, respectively (11) It is necessary to solve the nonlinear simultaneous equation based on (3) of which the RHS is replaced by (11).
In the HIE-FDTD method, when the linear/nonlinear lumped elements are included in the unit cell, only the simple operations, namely, replacing the coefficients and adding the term of , have to be done against the object cell.
III. NUMERICAL RESULTS
In order to verify the accuracy and the efficiency of the HIE-FDTD method with the lumped elements and conductive media, the simulation has been done for the multi-conductor transmission lines illustrated in Fig. 1. Also, Fig. 1 shows the number of cells and minimum cell. The diode is inserted along the y-direction, and the Newton-Raphson method is used to solve the nonlinear simultaneous equation. In Fig. 1 , Mur's first-order absorbing boundary condition (ABC) has been adopted on the outer surface. Because of applying the implicit-difference method for -direction, the implementation of the Mur's first-order ABC for the planes at and should be applied inside the tridiagonal matrix. In order to check the stability condition, the time step sizes were set to 7.1 and 7.2 . Here, 7.1 is satisfied with the condition shown in [4] . On the other hand, 7.2 is not satisfied. Only in the case of 7.2 , the modified method was not stable. Thus, the stability condition of the modified method is regarded to be same as the one of the original HIE-FDTD method. The waveform results at the nodes , , and by using 7.1 are shown in Fig. 2 . For the sake of comparison, the ADI-FDTD method was also implemented, and the time-step size was set to 7 and 17
. From Fig. 2 , it is confirmed that the accuracy of the ADI-FDTD method degrades as the time-step size becomes large. In contrast, it has been confirmed that the waveforms obtained by the HIE-FDTD method are equivalent to the ones by the conventional FDTD method.
In order to quantify the difference between the HIE-FDTD method and the ADI-FDTD method, the relative errors of these methods to the FDTD method are calculated at the frequency sampling points. Fig. 3 shows the relative error at the node , where the time step size of the HIE-FDTD method is set to 7
. From Fig. 3 , the relative error of the ADI-FDTD method becomes large at the high-frequency range. On the contrary, the relative error of the HIE-FDTD method is below 1% for the wide-frequency range.
The CPU time and memory requirement with respect to a variety of time step sizes are shown in Table I . From Table I , it is confirmed that the CPU time is reduced to 1/3.46 and the memory requirements for the conventional FDTD method and HIE-FDTD method are almost the same.
IV. CONCLUSION
This letter described the extension of HIE-FDTD method to the hybrid electromagnetic simulation with the lumped elements and the conductive media. From the numerical results, it has been confirmed that the waveform results between the conventional FDTD method and the HIE-FDTD method show the good agreements and the HIE-FDTD method is 3.5 times faster than the conventional FDTD method when the time step size for the HIE-FDTD method is 7.1 times larger than the conventional one.
